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ABSTRACT: An annular laboratory ﬂume was used to investigate the effect of mobile cockle shells on the erosion of
a cohesive sediment bed. A standard clay bed was created and shells of differing sizes placed upon it. Flow in the ﬂume
was increased in increments and the onset of motion and the transport patterns of the cockles were monitored. The
release of bed material to the water column was monitored and compared to controls made in the absence of shells
(due only to the ﬂow). The shells moved as bedload; ﬁrst as surface creep (sliding) and then by rolling. The onset
velocity of motion (Uc) of the shells was found to be directly related to the settling rate (Ws) in still water. The ﬂuid-
induced stresses did not cause any detectable erosion of the bed. The addition of even a single shell induced signiﬁcant
erosion rates (E). The erosion was found to be the result of abrasion rather than corrasion, as the shells never entered
into saltation. There was a linear increase in erosion rate with increasing shell size, and an exponential increase in the
suspended sediment concentration with time. The drag coefﬁcients (Cd) for settling in traction were calculated. The
ratio of the drag forces acting on the shells when settling and moving as traction was found to equal to 1/tan(f) where
f is the friction angle.
Introduction
The tidal ﬂats and salt marshes of the south
coast of England are rapidly retreating (Riddell
and Ishaq 1994) yet there appears to be no physi-
cal explanation for much of the observed retreat.
These ﬂats are littered with disarticulated shells of
the edible cockle Cerastoderma edulis, which appear
to be concentrated in areas of strong erosion, such
as at the foot of eroding marsh cliffs (Fig. 1).
It has been postulated that abrasion due to the
motion of C. edulis shells is responsible for the for-
mation and maintenance of mud furrows in South-
ampton Water (Dyer 1970). The erosion of salt
marshes at Hythe, Hampshire appears to be taking
place in regions infested by mobile banks of C. ed-
ulis. Work in Southampton has revealed a series of
V-shaped furrows up to 5 cm wide and up to 1 m
deep. The furrows seem to quickly re-establish af-
ter dredging, and their length, regularity, and con-
tinuity suggests they are of natural origin and not
the product of dredging (Dyer 1970).
Previous studies have shown the importance of
abrasion of coastal bluffs caused by the movement
of sand, gravel, and other materials (Bishop et al.
1992; Skafel and Bishop 1994; Skafel 1995), but
have not provided a means of quantifying it (Da-
vidson-Arnott and Ollerheads 1995). The evolution
of some beds has been suggested to be controlled
by the physical properties of the mobile aggregate
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and almost independent of the cohesive substrate
(Kamphuis 1990).
The principle of abrasion has recently been used
by the UK Ministry of Defence in the production
of abrasive cutting equipment for the aid of bomb
disposal. It works by combining water and sand,
and delivering them through a small nozzle at high
pressures (Louis and Pude 2000). This erodes the
metal surface of the bomb, eliminating the need
for cutting, and works using the same principles as
the impact of grains on a sediment bed promoting
erosion of that bed. It has also been used in etch-
ing glass, wood, metal, and plastics, in cleaning ma-
chinery and in shot basting, which produces a
smooth ﬁnish on machinery. A new technique
called air abrasion has also been created for den-
tistry, using 2.75 micron aluminium oxide powder
administered under compressed air through a very
ﬁne tip to eliminate the need for drills (Wright et
al. 1999). The understanding of the basic process
of abrasion in the coastal zone may help advance
the use of this technology for other purposes.
The erosion and transport of sediments in the
marine environment is largely explained and mod-
eled in terms of the prevalent hydrodynamics in
the form of a ﬂuid-transmitted shear stress to the
bed. Bagnold (1936) observed that some of the
energy needed for sand transport is provided by
the motion of the sand itself in the form of a solid-
transmitted stress. Allen (1971) has shown that the
transport of coarse material over a muddy bed can
cause scouring and the formation of bed featuresShell Impact on Cohesive Sediment Abrasion 205
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Fig. 1. Images of the salt marshes in Lymington, South Coast
of England. Top panel: panoramic view of the salt marshes and
seaward eroding bluff. Bottom panel: the undercut eroding
bluff, which typiﬁes most salt marshes of southern England.
such as tool marks. Amos et al. (2000) has shown
that saltating littorinid shells can greatly increase
erosion of a cohesive bed through the effect of the
solid-transmitted stress in a manner described as
the ballistic momentum ﬂux (BMF). The imprints
of the motion of mobile aggregates moving as bed-
load over cohesive beds are physical manifestations
of scour through the BMF (Rice et al. 1996). This
process is termed corrasion (see Allen 1985 for re-
view). We propose that this mechanism is at work
in the nearshore of southern England.
Several areas in the south of Britain and Europe
have been identiﬁed as having tool marks similar
to those caused by corrasion, and the presence of
shell material is found in many of them. Enhanced
scour through corrasion can amplify the release of
nutrients and pollutants as well as sediments into
the water column and eventually the food chain
(Levy 2000). This investigation hopes to identify
the extent to which cockle shells increase the ero-
sion of a cohesive bed through corrasion and
hopes to quantify the process.
General Background
The erosion of cohesive beds is largely consid-
ered to be a continuous process of particle release
into suspension when the shear stress is above
some threshold (Houwing 1999). Erosion can be
complicated by the addition of a saltation load and
a traction load, which often occur over mudﬂats
(Amos et al. 1992). A solid transmitted shear stress
is imparted to the bed from the motion of the sal-
tating particles (Bagnold 1936; Bitter 1963).
Cohesive sediment particle movement is con-
trolled not only by internal, gravitational, buoyan-
cy, and drag forces, but also by electrochemical
ones due to their small size (Scarlatos and Mehta
1990). Under certain conditions the forces be-
come attractive and occur at the points of contact
between the individual particles (Partheniades
1986). The strength of a cohesive sediment bed is
often expressed in terms of the critical shear stress
for erosion (tc) and the erosion rate (E). The crit-
ical erosion threshold is the moment at which bed
sediments are entrained into suspension by the ﬂu-
id ﬂow (Houwing 1999) although there is much
debate about its signiﬁcance and deﬁnition (Suth-
erland et al. 1998). This moment of erosion will
be determined by the composition of the bed, the
bed density, and biological activity in the topmost
layer of the bed (the bioﬁlm). tc is some function
of the shear strength, clay content, and other basic
geotechnical properties of the cohesive material
(Davidson-Arnott and Ollerheads 1995). In nature,
the properties of cohesive sediments are signiﬁ-
cantly affected by chemical and biological factors;
clay particles absorb pollutants, especially heavy
metals and pesticides (Mehta and Dyer 1990). Bio-
turbation acts both to increase cohesiveness and to
loosen beds and resuspend sediment (Mehta and
Dyer 1990). Because of these factors, the erosion
threshold and erosion rates of cohesive beds are
difﬁcult to predict (Amos et al. 1992).
When water transports material of a density
greater than itself, the material motion may be
conﬁned to a thin zone within a few diameters
above the bed. They either roll along the bed (trac-
tion) or saltate in a series of low jumps (saltation).
The contribution of traction and saltation is
termed bedload (Bagnold 1936). The motion of
the material can be classiﬁed as bedload if the bed
supports it either continuously or intermittently.
The sediment is considered to move in suspension
if the particles hit the bed so infrequently that the
particles net weight is supported by the ﬂuid rather
than the bed (Murphy et al. 1985). The bedload
component has been found to be capable of inﬂu-
encing the benthic ﬂux of sediment through ero-
sion of cohesive mudﬂats in the Annapolis Basin,206 C. E. L. Thompson and C. L. Amos
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Fig. 2. A schematic diagram of the Mini Flume.
Bay of Fundy, Canada (Amos et al. 1992). Flowing
water has the effect of enhancing wear through
momentum transfer (both ﬂuid and solid trans-
mitted), while dampening it through the role of
lubrication at the contact point of colliding solid
objects (Granick 1999). The total shear stress (ttot)
is the combination of the ﬂuid-transmitted stress
(to) and the BMF (T): ttot 5t o 1 T. It is T which
results in abrasion and corrasion of a cohesive bed,
and which has largely been ignored in studies of
bed stability in sub-aqueous settings.
Methods
THE MINI FLUME
The Mini Flume is a benthic annular ﬂume con-
sisting of two acrylic tubes sitting inside one anoth-
er to form a channel 4.5 cm wide and 22 cm high
(Fig. 2), and an open base. The tubes are injected
into a prepared clay bed to create a sealed ﬂume
(Amos et al. 2000). A rotating lid creates a current
using four square paddles spaced equidistantly.
The paddle speed is controlled by a Compumotor
digital DC stepping motor, powered by a 24 bit DC,
1000 watt power supply. The motor is controlled
by a PC connected to it through a RS232 serial
link. An ASCII script ﬁle is used to control the mo-
tor controller that, in turn, controls the speed, du-
ration, and acceleration of the rotating lid. Lid ro-
tation is reproducible and consistent. Currents in
the horizontal and vertical directions are measured
using a Marsh-McBirney model 513 electro-mag-
netic current meter (EMCM) situated at a height
of 8.5 cm above the base. Three D & A Instruments
optical backscatter sensors (OBS) measure turbid-
ity at 4, 10, and 20 cm above the base, and are in
line with three sample ports used for sensor cali-
bration. The data from the EMCM and the three
OBS were logged to a CR10 data logger at a rate
of 1 Hz.
Three-dimensional ﬂow measurements within
the Mini Flume were made using a Laser Doppler
Velocimeter (Fung 1997). These measurements
showed a well-developed boundary layer about 10
mm thick, a natural turbulent structure within the
boundary layer, and a weak 3-dimensional circula-
tion. Above the boundary layer, the mean azimuth-
al velocity is constant with height (Amos et al.
2000). No evidence was found in near-bed energy
spectra of peaks at paddle or lid frequencies (Fung
1997). Johansen et al. (1997) found that in a sta-
tionary circular ﬂume with a rotating lid the veloc-
ity increases across the ﬂume from the inner wall
to the outer wall due to secondary circulation and
decreases from the top to the bottom affecting the
vertical distribution of suspended sediment. These
secondary currents have been accounted for in the
evaluation of the bed shear stress.
BED PREPARATION
The beds used in this study were prepared from
a standard non-grog white potter’s clay with a 20%
water content. Remolded clay was used in order to
eliminate the complexities of consolidation time,
inevitable when using a settled bed, or disturbanc-
es to natural sediments caused by transporting
them and placing them in the ﬂume (Sutherland
et al. 1998). A bed of uniform properties was cre-
ated that could be easily reproduced; enabling ex-
perimental procedures to be standardized. White
clay was chosen because it reﬂected a larger pro-
portion of light than natural (red/brown) clay, re-
sulting in greater sensitivity of the OBS (Suther-
land et al. 1998). The plasticity and density of the
clay was such that it was easily remolded; yet still
maintained a good seal around the base of the
ﬂume.
Houwing and van Rijn (1994) found that if var-
iation in sand-mud composition, bed density, grainShell Impact on Cohesive Sediment Abrasion 207
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TABLE 1. Shell attributes: maximum size diameter (dmax), av-
erage settling velocity (Ws), and average sedimentationdiameter
(ds).
Size Group
dmax
(mm)
Ws
(m s21)
ds
(mm)
1
2
3
4
5
6
11
17
20
24
30
37
0.31
0.39
0.48
0.51
0.56
0.55
1.33
1.4
1.1
1.6
1.78
1.73
size distribution, and biological activity is relatively
small, the strength of the top layer of cohesive beds
at different locations tends to be constant. There-
fore it can be assumed that the behavior of the
cohesive bed used for this investigation will not be
changed by slight variations in the clay (all the clay
was from the same batch) or by rolling of the sam-
ple bed. Three replicates were carried out for each
size class to evaluate experimental error.
A uniform bed just larger than the base of the
Mini Flume was rolled to a thickness of 2–5 cm.
The tubes of the Mini Flume were then pressed
into this bed and the clay sealed around them, en-
suring the volume of the ﬂume above the bed was
the same for each experiment. The friction angle
was determined by placing the cockle shells on a
piece of rolled clay on a tilting board submerged
in water. The friction angle is deﬁned as the angle
of tilt at which the shell begins to slide.
THE EXPERIMENT
The ﬂume was ﬁlled with freshwater at room
temperature (248C) to a height of 22 cm. Shell
motion was video-taped for the duration of each
experiment. A 10-min period of still-stand was re-
corded initially, followed by 8 increments of con-
stant ﬂow speed; each of a duration of 10 min.
Sediment samples were taken 5 min into each
speed increment to calibrate the three OBS. Sixty
ml of water was drawn off from the center sample
and ﬁltered through pre-weighed Whatman GCS
glass microﬁber ﬁlters (24 mm in diameter). They
were then dried for 24 h, desiccated and re-
weighed, and the suspended sediment concentra-
tion determined gravimetrically. The lid velocity
was calibrated by timing the lid rotation at each
velocity step. The raw data was processed using a
program that performed the following functions:
deﬁnes the ﬂuid standard values of viscosity (kg
ms21) and clear water unit weight of freshwater at
248C (kg m23); reads the source ﬁle from the log-
ger: 3 OBS channels, vertical velocity, horizontal
velocity, time code from logger; and using user de-
ﬁned calibrations, calculates the values of suspend-
ed sediment concentration (mg l21), current veloc-
ity (m s21), and erosion rate (kg m22 s21). The
EMCM was calibrated prior to use in a tow tank at
the Bedford Institute of Oceanography. All calibra-
tions were linear over the range of measurements.
SHELL DESCRIPTION
The shells used have been identiﬁed according
to Tebble (1966) as C. edulis (Linnaeus), the edible
cockle. The shells can reach up to 51 mm in
length. They are sculptured with 22–28 radiating
ribs, each with numerous scale-like spines and very
irregular concentric lines. The growth stages are
prominent so their age can be determined. This
cockle species tends to inhabit clean sand, muddy
sand, mud, or muddy gravel, burrowing to a depth
no greater than approximately 50 cm (Tebble
1966). It inhabits the area between mid-tide level
and low water level and is commonly found in
sandy bays, rivers, and estuaries in the British Isles.
The specimens used in this investigation were all
disarticulated as these were the most common type
found in the collection area (Lymington, UK). The
shells range in size from 8–39 mm in length (mea-
sured along the longest axis), and were represen-
tative of the typical range of sizes present in the
Lymington area.
Each shell was prepared by cleaning it in dilute
hydrogen peroxide to remove all organic material;
any damaged specimens were discarded. The shells
were numbered and the population divided into 6
provisional size classes: 8–13, 14–18, 19–22, 13–26,
27–33, and . 33 mm. Each shell was weighed dry
and the approximate density (rs) of the shell ma-
terial was determined. This was done by ﬁrst mea-
suring the volume by submersion of the shells in
water and measurement of the water displaced.
The density was found to be 2,600 kg m23, which
corresponds well with the value of 2,650 kg m23
normally used for calcium carbonate material. The
purpose of the settling experiment was to deter-
mine the hydrodynamic behavior of disarticulated
shells, and to determine an equivalent sedimenta-
tion diameter that could be used to predict the
onset of motion as well as the mode of transport
of the shell material.
Results
SETTLING EXPERIMENTS
The settling velocity and trajectory of the shells
were measured by timing their fall in a still column
of freshwater2mi nheight. Each shell was settled
individually, and three replicates were performed
for each shell (Table 1). The shell valves were
found to settle always in the convex down attitude.
Figure 3a is a schematic representation of the forc-
es acting on a shell immersed in a ﬂuid ﬂow on a
ﬂat bed (modiﬁed after Swamee and Ojha 1991).208 C. E. L. Thompson and C. L. Amos
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Fig. 3. The balance of forces acting upon a disarticulated
cockle shell (modiﬁed after Swamee and Ojha 1991): a) sitting
convex up on a ﬂat bed and b) settling convex down in still
water.
FD is the drag force due to the ﬂuid, FW is the
immersed weight, FF is the friction drag force with
the bed, CG is the center of gravity, C is the point
of drag action, and AE is the area acted upon by
the ﬂow (Olivera and Wood 1997). Figure 3b is a
schematic representation of the forces acting on a
shell settling in still water. FW is the immersed
weight, Fs is the ﬂuid drag force acting on the set-
tling shell, and AS is the area acted upon by the
ﬂow (Mehta et al. 1980). Mehta et al. (1980) iden-
tiﬁed two modes of settling: stable, where the hy-
drodynamic pressure and the shear forces are bal-
anced and the shells fall primarily in a downward
motion along the fall centerline; and unstable,
where sliding and tipping are pronounced with the
shell falling in curved descending arcs. Both
modes of settling were noted during the settling
experiments, however the unstable mode was more
common. The Reynolds number (Re 5 Wsdmax/n
where Ws is the settling velocity, dmax is the maxi-
mum shell length, and n is the kinematic viscosity
of freshwater) of each shell was plotted against I 5
1 2 (intermediate length/longest length), for
comparison with the work of Allen (1985) on the
settling of bivalve shells. Allen describes a critical
value of I 5 0.4 separating the two modes of trans-
port—any value below this indicates stable settling.
It was found that the shells in this study fell below
the critical value. When the data were compared
with work by Willmarth et al. (1964) and Stringh-
am et al. (1969) on the settling of solitary discs,
the shells were found to fall within the zone
termed as tumbling or oscillating; that is unstable
settling. The Reynolds number has been found to
be nearly independent of the drag coefﬁcient (Cd)
for settling bivalve shells (Mehta et al. 1980) and
so initially a single drag coefﬁcient Cd 5 1 was used
to calculate the drag force of a ﬂuid on the shell
in keeping with Mehta’s calculations for unstable
settling. This was re-evaluated during the course of
this study.
EQUIVALENT SEDIMENTATION DIAMETER
The classiﬁcation of shells into different sizes
may have no hydrodynamic signiﬁcance because of
the variations of roughness, density, and shape of
the shells, which control settling rate, and which
may differ with growth stage (Amos et al. 2000).
The settling velocity and sedimentation diameter
determine the onset of shell motion and the way
a shell is transported. The sedimentation diameter
(DS) was initially determined according to Swamee
and Ojha (1991) for spheres (Table 1):
2 3W C sd s D 5 (1) s 4g(s 2 1)
where s is the relative density of the particle, and
Cds is the drag coefﬁcient during settling.
BALANCE OF FORCES ACTING ON A SHELL
The forces acting on the shell while settling at
terminal velocity (Ws) in still water (Fs) was calcu-
lated from the relationship:
2 F 5 A rCW 5 mg 5 (r2 r )Vg (2) ss d s s s
(r2 r )Vg s C 5 (3) ds 2 A rW ss
where r is the freshwater density, and V is the shell
solid volume. As is the area the drag force acts
upon while settling, and rs is the density of the
shell material. Cds may be calculated as it is the only
unknown in Eq. 3.
The forces acting on the shell at the point of
motion while sitting on the bed (FD) was calculated
using the formula:Shell Impact on Cohesive Sediment Abrasion 209
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TABLE 2. Shell drag coefﬁcients and friction angles.
Cds Cd f FS/FD 1/tan(f)
0.175376
0.159623
0.206036
0.214437
0.196807
0.097177
0.118982
0.186526
0.166673
0.15115
44.1458
46.6541
50.8346
51.6707
51.6707
1.030271
0.943866
0.814575
0.790583
0.790583
1.030271
0.943866
0.814575
0.790583
0.790583
0.24751
0.277782
0.260502
0.245667
0.335952
0.227571
0.219117
0.184155
0.252221
0.223622
54.179
54.179
54.179
56.6873
47.5234
0.72178
0.72178
0.72178
0.657195
0.636496
0.72178
0.72178
0.72178
0.657195
0.636496
0.456118
0.347447
0.399512
0.501485
0.433948
0.492815
0.500878
0.254942
0.529099
0.516824
61.7039
62.54
62.54
66.7205
66.7205
0.538357
0.51968
0.51968
0.430244
0.430244
0.538357
0.51968
0.51968
0.430244
0.430244 Fig. 4. The ratio of the drag force during settling (FS) and
the drag force during traction (FD) plotted against 1/tan(f).
The relationship is linear and close to unity.
Fig. 5. The relationship between settling velocity (WS) and
maximum shell length (Dmax).
F 5 A t5 (r2 r )Vg 3 tan f, DE c s
2 where t5 C rU (4) cd 8 . 5
(r2 r )Vg tan f s C 5 (5) d 2 A rU c8 . 5
2 CWA dss 5 (6) 12 C U A tan f ds 8.5 c
where AE is the area of the shell that the force acts
upon, U8.5 is the velocity at a height of 8.5 cm
above the bed (the height of the EMCM), f is the
friction angle between the shell and the bed, and
tc is the critical shear stress for shell traction. The
forces of drag were compared in order to investi-
gate the factors which induce a shell to move in
traction as bedload (tan(f), Ae) and those that act
on a shell as it settles through water (As). The ratio
of these forces is proportional to the friction angle
as follows:
2 FA W C 1 ss s d s 55 (7)
2 F A U C tan(f) DE 8 . 5 d
Table 2 shows the calculated values of Cd,C ds, f,
Fs/Fd, and tanf. As can be seen in Fig. 4, the re-
lationship predicted by Eq. 7 is satisﬁed. The ratio
Fs/Fd is a function of relative area, relative velocity
and drag, and inversely related to the measured
tan(f) in the linear form:
F1 s 2 5 1.02 , r 5 0.99; 12 F tan f D
p 5 0.01 (8)
Note that Cds is not constant, and varies between
0.16 and 0.50 in proportion with Cd; the conse-
quence of varying shell shapes (Mehta et al. 1980;
Dyer 1986).
The grain Reynolds number for cockle shells is
much greater than 400, conﬁrming that settling
takes place within the impact (turbulent) range.
This is backed up by a strong linear relationship
between the settling velocity and the square root
of the maximum shell diameter as can be seen in
Fig. 5.
BED PROPERTIES
A total of 20 experiments were carried out in
this study. The ﬁrst set was used to determine the
parameters required for the motor control pro-
gram, an ASCII script ﬁle used to control the speed
and acceleration of the lid rotation used in each
experiment. The second set of experiments was
carried out without shells in order to establish the
ﬂuid-induced erosion of the bed. The ﬁnal set was
undertaken to examine the effects of single shells
of different sizes on bed erosion.210 C. E. L. Thompson and C. L. Amos
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Fig. 6. The relationship between sedimentation diameter
(Ds) and the bed shear stress for initiation of motion for a)
disarticulated cockle shells and b) littorinids.
Fig. 7. Time series plots of a) suspended sediment concen-
tration and b) erosion rate at the onset of shell motion. Note
turbidity increases abruptly when the shell begins to move.
Fig. 8. The relationship between applied bed shear stress
and the critical shear stress for bed erosion. Note the relation-
ship is close to unity indicating that erosion is governed by the
shell mobility rather than by sediment properties.
The experiment to determine the ﬂuid-induced
erosion concluded that, under the velocities used
for the experiment (which reached in excess of 1
ms 21), no erosion of the standard bed took place
due to ﬂuid motion alone. Therefore all the ero-
sion noted in later experiments is purely the result
of shell motion.
SHELL BEHAVIOR
Shells added to the still water of the Mini Flume
settled convex down as noted in the settling ex-
periments. Upon the onset of ﬂow (immediately
the paddles began to turn), the shells ﬂipped over
to sit convex up on the bed until the start of shell
motion. Once in motion, the shells continued to
travel convex up. They never saltated, but re-
mained in constant contact with the bed. Nor did
they roll, but instead skidded or slid across the bed.
Figure 6 shows the linear relationship between
the sedimentation diameter and the ﬂuid-trans-
mitted bed shear stress for shell motion: ds 5
0.94tc 1 1.22, r2 5 0.70. This relationship is weaker
than that shown in Fig. 4 and indicates that sedi-
mentation diameter is only a weak proxy of shell
stability for the reasons given above.
THE EFFECT OF SHELL MOTION ON BED EROSION
Erosion of the bed began at the onset of shell
motion. This can be seen in Fig. 7, where the sus-
pended sediment concentration only begins to in-
crease once the shell moves. Visible tracks (tool
marks) were left in the bed as a consequence of
shell motion. An exponential increase in the sus-
pended sediment concentration with time and a
linear increase in the erosion rate was found. The
erosion rate and the maximum suspended sedi-
ment concentration increased with shell size. In or-
der to properly investigate the effect of shell size
on erosion, the erosion thresholds (or critical
shear stresses; Houwing 1999) were calculated.
The ﬂuid-transmitted bed shear stress was cal-
culated from the relationship:
t5r U2
* (9)
where U* 5 0.141U8.5, and the critical shear stress
for erosion was determined by extrapolating to
zero concentration the line of best ﬁt from plots
of the suspended sediment concentration against
shear stress. There is a strong correlation between
these two shear stresses of the form (r2 5 0.81; Fig.
8):
tc 5 1.21t0 1 0.04 (10)Shell Impact on Cohesive Sediment Abrasion 211
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Fig. 9. The relationship between sedimentation diameter
and maximum shell length of a) cockles and b) littorinids. Note
the large difference between the two shell types, especially at
high sedimentation rates.
The relationship is close to unity, which would in-
dicate that the bed erosion threshold is governed
by the onset of motion of the shells.
The mean shell motion (Ug) was 56% of the
near-bed ﬂow. The difference in speed between
the shells and the nearbed ﬂow is due to the mo-
mentum dissipated to the bed by the shells. Thus
the momentum loss is 44%, which is about 10%
higher than the value estimated by Amos et al.
(2000) for saltating littorinids. This may be due to
the increased periods in which the cockle valves
were in contact with the bed, or it may be due to
geometrical differences between the two shell
types.
Discussion
SHELL RESPONSES
Figure 9 shows a very good correlation between
the sedimentation diameter determined from the
settling experiments and the maximum length of
the shells. It is of the form ds 5 0.019dw 1 1.14, r2
5 0.89. This shows that the settling behavior, which
is used to determine the sedimentation diameter,
is linearly related to size and that shells of all sizes
are hydrodynamically similar. The slope of the line
is shallow particularly in comparison with the lit-
torinid data (Amos et al. 2000), implying that cock-
le shell size has relatively little effect on sediment
diameter and that the submerged mass is largely
balanced by the increased area of the shells.
It was noted that the shells always remained in
bedload transport and never entered into saltation.
The theoretical onset of saltation should occur
when Ws ø 0.8U* (Bagnold 1966). This condition
was satisﬁed for all the shells and yet they never
saltated. This is due to their large deviation from
sphericity, and it’s resulting divergence from the
friction angle (f) for a well-sorted sand of around
308 (Table 2). For a shell resting on a plane sur-
face, ﬂow velocity beneath the shell is zero and lift
is dependant upon the velocity distribution over
the top of the valve. Pressure sensor work com-
pleted by Olivera and Wood (1997) has shown that
ﬂow around relatively convex shells results in steep
longitudinal gradients from high to low pressure
at the front of the shell, lateral restriction of both
the low-pressure area over the mid-rear part of the
shell and of the frontal pressure gradient, and a
sudden downstream shift of the separation point
with increasing velocity when compared to ﬂow
around ﬂat shells. This prevents the development
of a large drag force and contributes to lift; a con-
vex shell is more likely to be lifted off the bed than
a ﬂat one. The shell of the edible cockle is rela-
tively ﬂat compared to shells such as the littorinid
(Amos et al. 2000). It has a low shape factor (SF)
where SF 5 dsh/Ïdidmax , 0.4, with dsh,d i, and
dmax referring to the shortest, intermediate, and
longest diameters of the shells, respectively.
The lift forces acting on the shells have been
disregarded for this investigation as they are
thought not to affect the shells. The implication is
that the presence of the shells will always result in
high erosion levels as they are constantly in contact
with the bed.
In 1936, Shields produced a threshold plot for
grain movement. It contains three distinct zones
whose limits correspond with three ﬂow regimes:
up to Re ; 3, smooth boundary ﬂow; 3 , Re ,
200, transitional region; and Re . 200, the rough
turbulent regime. The cockle valves settle within
the rough turbulent (impact) range, and so ac-
cording to Shields (1936) should have a Shields
criterion, uc, between 0.03 and 0.06, where uc 5t c/
(rs 2r )gds (Dyer 1986).
While the majority of the shells were found to
have a Shields criterion less than 0.035, the range
extends to 0.10. This deviation from Shields work
is attributed to the deviation from sphericity of the
bivalve valves.
BED EROSION
At the point of shell motion there is an increase
in the suspended sediment concentration within
the water column. An increase in the buoyant
weight (FW) of the shell used increases the erosion
rate (Fig. 10) and therefore the suspended sedi-
ment concentration. This supports the intuitive
conclusion that the greater the mass the greater
the momentum transfer to the bed. Perhaps of
greater signiﬁcance is the lack of any description212 C. E. L. Thompson and C. L. Amos
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Fig. 10. The relationship between bed erosion rate and
buoyant weight of disarticulated cockle shells inducing erosion.
The erosion rate is linearly related to shell weight.
of bed properties in the equation, implying E is
independent of bed character.
IMPLICATIONS IN NATURE
Although the laboratory experiments described
here cannot be directly related to the natural en-
vironment due to the nature of the artiﬁcial clay
bed, the processes at work can be assumed to occur
to some extent wherever disarticulated cockle
shells travel across cohesive sediments. If E is in-
dependent of bed character, then the laboratory
experiments should be directly applicable to the
ﬁeld.
A trip to the Hythe salt marshes conﬁrmed a
large presence of disarticulated cockle shells on
the beaches, salt marshes, and mud ﬂats. Large vol-
umes of shells were noted to accumulate at the
base of cliffs in the mud ﬂats. These cliffs have
been noted to be retreating at a very rapid rate
(French 2001) and ﬁeld work is currently being
undertaken to link the presence of the shells with
this retreat. Large numbers of cockle shells are also
found to accumulate in areas of the Lymington salt
marshes and may be related to increases in erosion
in this area. Track marks left in the bed by the
cockle shells during the experiments are reminis-
cent of the furrows found in Southampton water,
though on a much smaller scale. The rapidity of
their formation may explain the rapid reformation
of the furrows after activities such as dredging.
COMPARISON TO LITTORINIDS
The major difference between this work and the
work by Amos et al. (2000) on littorinid-induced
erosion was the absence of saltation and the sliding
response of the cockle shells. The mechanisms
controlling the erosion of the two beds are there-
fore different: one depending on the ballistic im-
pacts of saltating littorinids to deliver momentum
to the bed and the other on constant abrasion of
the sediment surface without impact, although
both are forms of solid-transmitted stress.
The differences in the shell behavior under ﬂow,
which depend on their geometry and size, are of
prime importance to bed response. Littorinid
shells require a greater drag force to lift them into
saltation than to induce them to roll along the bed.
This is explained by the fact that the littorinids
have a much lower friction angle (20–308) than the
cockle shells (40–608) and a greater concentration
of mass. Both shell types cause signiﬁcant bed ero-
sion, even of highly cohesive beds that are resistant
to ﬂuid-transmitted stresses. The erosion rates of
both sets of experiments are of the same order of
magnitude implying that the momentum/energy
transferred to the bed is approximately the same
for both saltating littorinids and sliding cockles.
COMPARISON TO ULVA SP.
Work has been carried out on the inﬂuence of
mobile fragments of macroalgae of the species
Chondrus crispus and Fucellaria lumbricalis on the
erosion of prepared artiﬁcial beds also using the
Mini Flume (Cozette 2000; Levy 2000). The results
showed that mobile algae fragments signiﬁcantly
increased erosion rates and suspended sediment
concentrations over that of the control experi-
ments in which there was no apparent ﬂuid-in-
duced erosion of the bed, and that erosion rates
and suspended sediment concentrations varied di-
rectly with respect to algal size and abundance. As
with the cockle shells, motion begins by sliding,
although unlike the cockle shells the algal frag-
ments then roll, undergo a mixture of suspension
and sliding, and ﬁnally move in continuous sus-
pension. There was no standard saltation period
for the fragments. It was found that algae contact
time with the bed and the species of macro-algae
signiﬁcantly inﬂuenced the erosion rates of the ar-
tiﬁcial bed.
It was shown that slower moving algae (moving
as bedload) had higher ﬁnal suspended sediment
concentration, as they transmitted more momen-
tum to the bed. The cockle shells also yield a high-
er ﬁnal suspended sediment concentration for the
larger shells, which travel more slowly, as these also
transmitted more energy to the bed. Maximum
erosion rates were achieved during the sliding/
rolling phase for the smaller pieces of algae, and
during the mixed phase of suspension and sliding
for the medium to large pieces. Suspended sedi-
ment concentrations ceased to increase and ero-
sion rates declined to zero when the algae entered
fully into suspension as no contact was made with
the bed.Shell Impact on Cohesive Sediment Abrasion 213
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Summary and Conclusions
This study was undertaken to evaluate the po-
tential effects of mobile shell valves of the bivalve
C. edulis, the common cockle, on the erosion of
dense, cohesive sediments. This was done as pre-
vious studies in Southampton Water had noted the
abundance and mobility of mud furrows (Dyer
1970), which were linked with the presence of
these bivalves. This study suggests that the furrows
are not simply the products of increased turbu-
lence, but are due to the abrasive effects caused by
the shells when in motion by the tidal ﬂows. The
following were the major points of conclusion of
our study.
The trends discussed above indicate that erosion
is indirectly related to the ﬂow velocity (Amos et
al. 1997) because the ﬂow velocity controls the be-
havior of shells travelling as bedload. An increase
in shell size results in a reduction of overall shell
velocity, but the shell speed increases with increas-
ing ﬂow velocity. The increase in shell size also in-
creases the erosion rate and resulting suspended
sediment concentration. This is due to an increase
in the delivery of solid-transmitted stress to the
bed.
The addition of a cockle shell to a bed of pre-
pared cohesive clay results in the erosion of the
bed. The larger the shell added, the greater the
rate of erosion and the higher the levels of sus-
pended sediment in the water column. The addi-
tion of the cockle shell is a signiﬁcant mechanism
for erosion on an otherwise stable bed.
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